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Abstract
In this paper, we study rare decays Bc → D(∗)s,dll¯ within the Standard Model. The
penguin, box, annihilation, color-favored cascade and color-suppressed cascade contributions
are included. Based on our calculation, the annihilation and color-favored cascade diagrams
play important roles in the differential branching fractions, forward-backward asymmetries,
longitudinal polarizations of the final vector mesons and leptonic longitudinal polarization
asymmetries. More importantly, color-favored cascade decays largely enhance the resonance
cascade contributions. To avoid the resonance cascade contribution pollution, new cutting
regions are put forward.
1 Introduction
The Bc meson is the ground state of the bottom-charm bound system. Its first observation
was at the Fermilab Tevatron by the CDF Collaboration in 1998 through the cascade decay
Bc → J/ψl¯ν and J/ψ → µµ¯ [1].
Since its discovery, the Bc meson has attracted more and more attention. First, because of
explicit flavors and the relationship M(Bc) < M(B) +M(D), the strong and electromagnetic
decay channels are forbidden, while the weak decay channels are allowed. Thus, the Bc decay
offers us an ideal field for studying the weak interaction. Second, the Bc meson consists of
two heavy quarks c and b. They can decay independently, or both of them participate in one
process. Thus, compared with B and D mesons, the Bc meson owns more decay channels
and a larger final phase space. Third, the mass spectra of c¯c and b¯b bound states have been
extensively studied, both theoretically and experimentally. The double-heavy explicit flavored
meson spectrum will offer a new circumstance to research the low energy QCD and examine the
previous comprehension of the meson structure. In the aspect of experiment, the Large Hadron
Collider (LHC) has circulated the proton beams since 2009. The number of the produced Bc
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mesons is expected to be 5 × 1010 [2, 3] per year when it runs at the highest luminosity 1034
cm−2s−1 and highest energy 14 TeV. So most Bc decay channels will be observed with this huge
number. It is believed that the predictions about the Bc meson in theory will be checked by the
experiment data in the near future.
Among the channels of the Bc meson transitions, the rare decays b → s(d)ll¯ and b →
s(d)γ have been emphasized recently. These decays are the single-quark flavor-changing neutral
current (FCNC) processes. Based on the Glashow-Iliopoulos-Maiani (GIM) [4] mechanism in
the Standard Model (SM), they are forbidden at tree level but induced by electro-weak loop
diagrams. It implies that the SM contribution is greatly suppressed. And, as the SM contribution
is suppressed, the new physics (NP) effects may become important. So studying the rare decays
will be helpful to test the SM stringently and detect the NP effects indirectly. Among these rare
decay channels, the semi-leptonic processes b → s(d)ll¯ are favored because of their abundant
observables, for instance, the differential branching fraction, the forward-backward asymmetry,
the longitudinal polarization of the final vector meson, the leptonic longitudinal polarization
asymmetry and so on. More information on the Wilson coefficients of the rare decays can be
extracted from these observables.
In existing studies, the b→ sll¯ processes have been discussed widely through the B → K(∗)ll¯
decays. In the B → K(∗)ll¯ processes, the b→ sll¯ contribution is dominant, while the annihilation
diagrams are CKM suppressed |V ∗ubVus|/|V ∗tsVtb| ∼ λ2 and the spectator scattering effect is at
the next αs order. As shown in [5–7], by including only the b → sll¯ contribution in the SM,
the differential branching fractions, the forward-backward asymmetries and the longitudinal
polarizations of the final vector mesons are in agreement with the experimental data. However,
in Bc → D(∗)s,dll¯ rare decays, the situation is different. The annihilation diagrams in Bc → D(∗)s,dll¯
rare decays are CKM allowed |V ∗cbVcs(d)|/|V ∗ts(d)Vtb| ∼ 1 and enhanced by a 3 times larger color
factor. Thus, the annihilation contributions should be considered seriously. In this way, the
study of the Bc → D(∗)s,d ll¯ rare decays provides outstanding features. First, the NP effects will be
more distinct by considering the annihilation processes. As pointed out in [8, 9], with the help
of the interference between the b → s(d)ll¯ contribution and the SM annihilation contribution,
the predictions of SM with a fourth generation (SM4) and the Super-Symmetric (SUSY) Models
will deviate stronger from the SM predictions in the processes Bc → D∗s ll¯ than in the processes
B → K∗ll¯. Furthermore, in Bc rare decays, the particles beyond SM may contribute not only
to the b→ sll¯ transitions but also to the annihilation diagrams. If so, this double-contribution
mechanism may make the NP effect more evident. Second, the processes Bc → Ds,dll¯ can help us
comprehend the large isospin asymmetry phenomenon in the B → Kµµ¯ decay. Recently, LHCb
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[10] has reported that the isospin asymmetry AI of the B → K∗µµ¯ process is in agreement with
the naive SM expectation of a vanishing asymmetry. However, in the B → Kµµ¯ process, there
is a 4σ deviation from zero for AI . Even if calculations [11–13] including the annihilation and
spectator-scattering diagrams are carried out, the isospin asymmetry of the process B → Kµµ¯
is also less than 0.05. One may infer that studying the spectator effects should be emphasized.
In the decays Bc → Ds,dll¯, spectator effects will be obvious based on the particular annihilation
mechanism. So the rare Bc decays can offer a new and helpful field to reveal the reason of the
large isospin asymmetry in the B → Kµµ¯ decay.
In previous works [5, 14–16], which include the b → s(d)ll¯ short-distance contribution and
the b→ c¯cs(d)→ s(d)l¯l long-distance diagrams, the Bc → Ds,dll¯ and Bc → D∗s,dll¯ processes have
been calculated, while in Refs. [17–19] only the b → s(d)ll¯ short-distance contribution is con-
sidered. Recently, using the annihilation form-factors of Bc → D∗sγ [20–22], the Bc → D∗s ll¯
transitions combined with the annihilation effects have been analysed in Refs. [8, 9, 23]. Ac-
tually, the relationship (Pi − Pf )2 = 0 GeV2 holds only for the Bc → D∗s,dγ processes. If
the Bc → D(∗)s,dll¯ annihilation diagrams are considered, more form-factors will appear. In the
aspect of the long-distance interaction, the papers [5, 8, 14–16] have calculated the color-
suppressed cascade diagrams. The color-suppressed cascade long-distance contribution dom-
inates the B → K(∗)J/ψ(ψ(2S)) → K(∗) l¯l processes. However, both color-suppressed and
color-favored long-distance diagrams contribute to Bc → D(∗)s(d)J/ψ(ψ(2S)) → D
(∗)
s(d) l¯l processes.
Furthermore, according to our pervious calculations on the non-leptonic Bc → D(∗)s(d)J/ψ de-
cays [24], the color-favored contributions are almost 3 times larger than the color-suppressed
ones.
So besides including the b→ s(d)ll¯ effect, it is motivated to investigate the Bc → D(∗)s,dll¯ de-
cays: (i) using the annihilation form-factors of the Bc → D(∗)s,dll¯ decays instead of the Bc → D∗s,dγ
processes; (ii) with both the color-suppressed and color-favored long-distance contributions.
To investigate the Bc → D(∗)s,d ll¯ decays, the Operator Production Expansion (OPE) mecha-
nism and factorization ansatz can be employed. In this method, the amplitude can be separated
into two parts: the short-distance Wilson coefficients (If the decays involve the resonance cas-
cade processes, extra long-distance terms will appear.) and the long-distance hadronic matrix
elements which are operators sandwiched by the initial and the final states. In the frame-
work of Re-normalization Group Equations (RGE), the Wilson coefficients can be obtained at
next-to-leading (NL) order or next-to-next-to-leading (NNL) order QCD corrections [25, 26]
perturbatively. But calculating the hadronic matrix elements is a non-perturbative problem and
a model dependent method has to be chosen to do it.
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Till now, the hadronic matrix elements have been investigated in several approaches: the
relativistic constituent quark model [14, 15], the light-cone quark model [15–17], the three point
QCD sum rules [18, 19] and the QCD-motivated relativistic quark model [5]. In this paper, we
choose the Mandelstam Formalism (MF) [27] and the Bethe-Salpeter (BS) equation [28, 29] to
investigate the hadronic matrix elements. This method has several particular features. First, the
BS equation, based on the quantum field theory, is a relativistic equation to describe a two-body
bound state. Using this method, the Gaussian wave function is abandoned and a relativistic
form of the wave function has been introduced [30–32]. In this way, the wave function has the
same parity and charge parity as the bound state. Different forms of wave functions denote
different states, e.g., the wave function of a pseudoscalar meson is much different from the one
of a vector meson. Only in the non-relativistic limit, they are similar [33]. Second, in the decays
Bc → D(∗)s,dll¯, the mass of initial meson Bc is much larger than that of the final meson D(∗)s,d . As
a result, the final meson recoil can be large and the relativistic effect should be taken seriously.
Based on the Mandelstam Formalism, our method keeps the relativistic effect not only from
the relativistic wave functions but also from the kinematics [34]. At last, the weak annihilation
amplitude involving the heavy-light meson B can be calculated within the Heavy Quark Effective
Theory (HQET) [35, 36] under the mu(d)/mb ∼ 0 limit. However, unlike the B and D meson,
the Bc meson consists of two heavy quarks and the relationship mc/mb ∼ mu(d)/mb ∼ 0 is
not suitable. So in this paper, we calculate the annihilation hadronic matrix elements based
on the BS method. In our calculation, dynamics of both heavy quarks is considered. And our
method can be used to deal with not only the double-heavy quark meson but also the heavy-
light meson. Besides, the weak-annihilation hadronic currents satisfy the gauge-invariance at
the (Pi − Pf )2 = 0 GeV2.
This paper is organized as follows. In section 2, the theoretical details of the effective hamil-
tonian, hadronic transition matrix elements and the observables of the Bc → D(∗)s,dll¯ processes
are given. In section 3, the numerical results and discussions are presented. In section 4, we
summarize this paper.
2 Theoretical Details
2.1 Effective Hamiltonian
In this paper, we calculate the Bc → D(∗)s,dll¯ decays including the short-distance (SD) and long-
distance (LD) contributions in the SM. The SD diagrams contain the Penguin, Box (PB) di-
agrams and annihilation (Ann) graphs as shown in Figs. 1 (a, b, c). The LD parts include
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the color-suppressed (CS) and the color-favored (CF) contributions as shown in Figs. 1 (d, e).
We have the effective Hamiltonian for annihilation, color-suppressed cascade and color-favored
cascade diagrams:
Heff1 =
GF√
2
VcbV
∗
cs(d) (C1(µ)Q1(µ) + C2(µ)Q2(µ)) , (1)
where GF is the Fermi constant and C1, C2 are willson coefficients. In this paper, when the
annihilation, color-suppressed and color-favored cascade diagrams are calculated, the effects of
Q3−6 are neglected because of their small Wilson coefficients.
The penguin and box diagrams’ effective Hamiltonian, that is, the b → s(d)l¯l effective
Hamiltonian, is given by:
Heff2 =
GF√
2
{
−VtbV ∗ts(d)
10
Σ
i=1
Ci(µ)Qi(µ)
}
, (2)
where Vcb, Vcs(d), Vtb and Vts(d) are the CKM matrix elements. The set of local operators is
[14, 25]:
Q1 = (s¯icj)V−A(c¯jbi)V−A, Q2 = (s¯c)V−A(c¯b)V−A,
Q3 = (s¯b)V−A
∑
q
(q¯q)V−A, Q4 = (s¯ibj)V −A
∑
q
(q¯jqi)V−A,
Q5 = (s¯b)V−A
∑
q
(q¯q)V+A, Q6 = (s¯ibj)V −A
∑
q
(q¯jqi)V+A,
Q7 =
e
8π2
mb (s¯σ
µν(1 + γ5)b)Fµν , Q8 =
g
8π2
mb (s¯iσ
µν(1 + γ5)Tijbj)Gµν ,
Q9 =
e2
8π2
(s¯b)V−A(l¯l)V , Q10 =
e2
8π2
(s¯b)V−A(l¯l)A.
(3)
For b→ s(d)l¯l processes, with the help of RGE [37] approach, C7,9(mb) are linear combinations of
according C7,9(MW ) and C1−6(MW ). The operators Q1−6 themselves have matrix elements that
contribute to b→ sll¯ and the perturbative parts can be included into Ceff7,9 . In our calculation,
considering that the effect ofQ8 belongs to the higher αs order, we do not include its contribution.
Thus, the amplitude induced by effective Hamiltonian is shown as:
Mb→s(d)l+l− = i
GFαem
2
√
2π
VtbV
∗
ts(d)
{[
Ceff9 Wµ −
2mb
(Pi − Pf )2C
eff
7 W
T
µ
]
l¯γµl + C10Wµl¯γ
µγ5l
}
. (4)
In the above equation, we have defined the hadronic matrix elements Wµ and W
T
µ :
Wµ = 〈D(∗)s(d)|s¯(d¯)γµ(1− γ5)b|Bc〉, W Tµ = 〈D
(∗)
s(d)|s¯(d¯)iσµν(Pi − Pf )ν(1 + γ5)b|Bc〉,
where Pi and Pf are momenta of the initial and final mesons, respectively. The antisymmetric
tensor is defined as σµν =
i
2 [γµ, γν ] and mb is the mass of b quark.
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The effective Wilson coefficients Ceff7 and C
eff
9 are defined as:
Ceff7 =C7 − C5/3− C6,
Ceff9 =C9 + (3C1 +C2 + 3C3 + C4 + 3C5 +C6)h(mˆc, s)
−1
2
h(1, s)(4C3 + 4C4 + 3C5 + C6)− 1
2
h(0, s)(C3 + 3C4)
+
2
9
(3C3 + C4 + 3C5 + C6),
(5)
where h(mˆc, s) (mˆc = mc/mb), h(1, s) and h(0, s) describe the contributions of the four-fermi
operator Q1−6 loops. In Refs [14, 37, 38], with the help of RGE, the Wilson coefficients Ci (i =
1−10) are evolved fromMW scale to the mb scale. In this paper, we adopt the same expressions
of h functions and the same numerical values of the Wilson coefficients as those in Ref. [14].
For the annihilation diagrams, according to the naive factorization, we write the amplitude
as:
MAnn =− iVcbV ∗cs(d)〈D(∗)s(d) l¯l|JemH1|Bc〉
=VcbV
∗
cs(d)
iαem
(Pi − Pf )2
GF
2
√
2π
(
C1
Nc
+ C2
)
W µann l¯γµl,
(6)
where in the second equality the Fierz-arrangement identity is employed. The annihilation
hadronic matrix elements can be expressed as:
W µann =W
µ
1 +W
µ
2 +W
µ
3 +W
µ
4 .
In the above equation, W µ1,2,3,4 are defined as:
W µ1 =(−8π2)〈D(∗)s(d)|s¯(d¯)γα(1− γ5)c|0〉〈0|c¯γα(1− γ5)
1
6pq1 −mq1 + iǫ
(−1
3
)γµb|Bc〉,
W µ2 =(−8π2)〈D(∗)s(d)|s¯(d¯)γα(1− γ5)c|0〉〈0|c¯(
2
3
)γµ
1
6pq2 −mq2 + iǫ
γα(1− γ5)b|Bc〉,
W µ3 =(−8π2)〈D(∗)s(d)|s¯(d¯)(−
1
3
)γµ
1
6pq4 −mq4 + iǫ
γα(1− γ5)c|0〉〈0|c¯γα(1− γ5)b|Bc〉,
W µ4 =(−8π2)〈D(∗)s(d)|s¯(d¯)γα(1− γ5)
1
6pq3 −mq3 + iǫ
(
2
3
)γµc|0〉〈0|c¯γα(1− γ5)b|Bc〉,
(7)
where pq1(2−4) and mq1(2−4) are momenta and masses of the propagated quarks, respectively.
The LD processes considered in this paper are those that are induced by the resonance
cascade decays, i.e, Bc → D(∗)s(d)V → D
(∗)
s(d) l¯l, whose contributions can be described by the
relationship Br(Bc → D(∗)s(d) l¯l)cascade ∼ Br(Bc → D
(∗)
s(d)V ) × Br(V → l¯l) approximately. (The
relationship written here is not used to compute any observables in this paper but just employed
to make the following sentences transparent.) The resonances V denote JPC = 1−− mesons
which could be the u¯u, d¯d, s¯s and c¯c bound states. During our calculation, we ignore the effects
of the Bc → D(∗)s(d)ρ(ω, φ) → D
(∗)
s(d) l¯l cascade decays. On one hand, the strong decays allowed
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by Okubo-Zweig-Iizuka (OZI) rules are the dominant channels of the ρ, ω and φ mesons, while
the strong decays of J/ψ(ψ(2S)) are suppressed by OZI rules. So the processes ρ(ω, φ)→ l+l−
which are induced by electromagnetic interaction have much smaller branching fractions than
J/ψ(ψ(2S)) → l+l−. On the other hand, considering the small CKM matrix elements Vub and
Vus, the branching fractions of Bc → D(∗)s ρ(ω) processes will be suppressed. And because of
the small Wilson coefficients C3−6, the numerical values of Br(Bc → D(∗)s,dφ) are small. So we
calculate only the Bc → D(∗)s(d)J/ψ(ψ(2S)) → D
(∗)
s(d) l¯l processes in this paper.
As pointed out in Refs. [39, 40], the propagator of V can be written in the Breit-Wigner
form. So, from the naive factorization, the amplitude can be written as:
MLD =Σ
V
〈l¯l|J (2)em |V 〉
i
Q2 −M2V + iΓVMV
〈D(∗)s(d)V |(−i)H1|Bc〉eiϕ, (8)
where J (2)em ≡ l¯γµl(−i4παem/M2V )c¯23γµc. MV and ΓV are the mass and width of the resonance
meson, respectively. From Fierz-arrangement identity and naive factorization, we write the
hadronic matrix element 〈D(∗)s(d)V |H1|Bc〉 as:
〈D(∗)s(d)V |H1|Bc〉 =VcbV ∗cs(d)
GF√
2
(
C1 +
C2
Nc
)
〈D(∗)s(d)|s¯(d¯)γν(1− γ5)b|Bc〉〈V |c¯γν(1− γ5)c|0〉
+VcbV
∗
cs(d)
GF√
2
(
C2 +
C1
Nc
)
〈V |c¯γν(1− γ5)b|Bc〉〈D(∗)s(d)|s¯(d¯)γν(1− γ5)c|0〉,
(9)
where on the right side of the above equation, the first term is from the CS diagram and the
second term gives the CF contribution. If only the CS and b→ s(d)ll¯ contributions are included,
our amplitude Mb→s(d)l+l− +MLD will be similar with those in Refs. [5, 14, 41–43]. Taking
account of the unitarity condition on the elastic Breit-Wigner resonance amplitude [42], we take
ϕ = 0 in this paper.
To simplify the calculation, we define:
MCSLD ≡Σ
V
〈l¯l|J (2)em |V 〉
i
Q2 −M2V + iΓVMV
VcbV
∗
cs(d)
GF√
2
(
C1 +
C2
Nc
)
〈D(∗)s(d)|s¯(d¯)γν(1− γ5)b|Bc〉〈V |c¯γν(1− γ5)c|0〉
=i
GFαem
2
√
2π
VtbV
∗
ts(d)C
CS
9 Wµ l¯γ
µl,
(10)
where in the second step the relationship Γ(V → l¯l) = πα2em16f2V /(27MV ) is used. And the
CCS9 is given by:
CCS9 ≡
VcbV
∗
cs(d)
VtbV
∗
ts(d)
9π
α2em
(
C1 +
C2
Nc
)∑
V
Γ(V → l¯l)MV
Q2 −M2V + iΓVMV
.
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Similarly, we also define:
MCFLD ≡Σ
V
〈l¯l|J (2)em |V 〉
i
Q2 −M2V + iΓVMV
VcbV
∗
cs(d)
GF√
2
(
C2 +
C1
Nc
)
〈V |c¯γν(1− γ5)b|Bc〉〈D(∗)s(d)|s¯(d¯)γν(1− γ5)c|0〉
≡VcbV ∗cs(d)iαem
GF
2
√
2π
(
C2 +
C1
Nc
)
W µCF l¯γµl.
(11)
By including the BP, Ann, CF cascade and CS cascade diagrams, the amplitude calculated
in this paper can be written as:
M
Bc→D
(∗)
s(d)
l¯l
=Mb→s(d)ll¯ +MLD +MAnn.
Considering the Lorentz and parity symmetries, Wµ and W
T
µ could be written in terms of
the form factors:
〈Ds(d)(Pf )|s¯ ¯(d)γµ(1− γ5)b|Bc(Pi)〉 =Fz
(
Pµ+ −
P+ ·Q
Q2
Qµ
)
+ F0
P+ ·Q
Q2
Qµ,
〈Ds(d)(Pf )|s¯ ¯(d)iσµνQν(1 + γ5)b|Bc(Pi)〉 =
−FT
Mi +Mf
{
Q2Pµ+ − (P+ ·Q)Qµ
}
,
〈D∗s(d)(Pf , ǫf )|s¯ ¯(d)γµ(1− γ5)b|Bc(Pi)〉 =
iV
Mi +Mf
ǫµǫfQP+ − 2MfA0
ǫf ·Q
Q2
Qµ
− (Mi +Mf )A1
(
ǫµf −
ǫf ·Q
Q2
Qµ
)
+A2
ǫf ·Q
Mi +Mf
{
Pµ+ −
P+ ·Q
Q2
Qµ
}
,
〈D∗s(d)(Pf , ǫf )|s¯ ¯(d)iσµνQν(1 + γ5)b|Bc(Pi)〉 =− iT1ǫµǫfQP+
+ T2
{
P+ ·Qǫµf − (ǫf ·Q)Pµ+
}
+ T3 (ǫf ·Q)
{
Qµ − Q
2
P+ ·QP
µ
+
}
.
(12)
The form-factors of annihilation and color-favored diagrams are defined as:
W µann(Bc → Ds,d) =(Mi −Mf )2
{
1
2
B1
(
Pµ+ −Qµ
)
+
1
2
B2
(
Qµ + Pµ+
)}
,
W µann(Bc → D∗s,d) =(Mi −Mf )
{
T1ann M
2
i ǫ
µ
f +
1
2
T2ann (Q · ǫf )
(
Qµ + Pµ+
)
+
1
2
T3ann (Q · ǫf )
(
Pµ+ −Qµ
)
+
1
2
iVann ǫ
µǫfQP+
}
,
W µCF (Bc → Ds,d) =(Mi −Mf )2
{
1
2
B1CF
(
Pµ+ −Qµ
)
+
1
2
B2CF
(
Qµ + Pµ+
)}
,
W µCF (Bc → D∗s,d) =(Mi −Mf )
{
T1CFM
2
i ǫ
µ
f +
1
2
T2CF (Q · ǫf )
(
Qµ + Pµ+
)
+
1
2
T3CF (Q · ǫf )
(
Pµ+ −Qµ
)
+
1
2
iVCF ǫ
µǫfQP+
}
,
(13)
where P+ = Pi+Pf and Q = Pi−Pf have been used. Fz, F0, FT , V , A1, A2, A0, T1, T2, T3, B1,
B2, B1CF , B2CF , T1ann, T2ann, T3ann, Vann, T1CF , T2CF , T3CF and VCF are the form factors.
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2.2 Hadronic Transition Matrix Elements in the Bethe-Salpeter Method
In this subsection, we show the details of how to calculate the hadronic matrix elements in
Eqs. (12, 13). Within the Bethe-Salpeter method, a meson is considered as a bound state of the
quark and the anti-quark. For a meson with mass M , momentum P and relative momentum q,
we can define:
q = α2p1 − α1p2, P = p1 + p2, α1 = m1/(m1 +m2), α2 = m2/(m1 +m2),
where p1 (p2) and m1 (m2) are the momentum and mass of the constituent quark(anti-quark),
respectively. To describe the bound state, the wave function is essential. In this paper, we
obtain it by solving the BS equation:
(6p1 −m1)χ(q)(6p2 +m2) = i
∫
d4k
(2π)4
V (P, k, q)χ(k),
where χ(q) is the BS wave function and V (P, k, q) is the interaction kernel.
To solve the equation, we need to reduce it to its instantaneous version, the Salpeter equation
[30]. Then we need a proper interaction kernel and the forms of the wave functions. In our
method, the Cornell potential, which is one of the most successful and widely used potentials in
describing heavy mesons, is adopted as the interaction kernel.
The behavior of a bound state is determined by its JP quantum number, so we give the
form of the wave function based on the meson’s JP quantum number. As a result, the wave
functions of the different mesons fulfill different BS equations [30, 33]. For a pseudoscalar meson,
JP = 0−, the positive energy wave function can be written as [30]:
ϕ++
0−
(P, q
P⊥
) = a1
[
a2 +
6P
M
+ 6q
P⊥
a3 +
6q
P⊥
6P− 6P 6q
P⊥
2M
a4
]
γ5. (14)
One can check that the wave function has the correct JP quantum number. In Eq. (14), the
parameters are defined as:
a1 =
M
2
{
ϕ1(q
2
P⊥
) + ϕ2(q
2
P⊥
)
m1 +m2
ω1 + ω2
}
,
a2 =
ω1 + ω2
m1 +m2
,
a3 = − m1 −m2
m1ω2 +m2ω1
,
a4 =
ω1 + ω2
m1ω2 +m2ω1
,
(15)
where ωi is defined as ωi ≡
√
(m2i − q2P⊥ ) (i = 1(2) denotes the (anti-)quark. For B
−
c meson,
i = 1 denotes the b quark and i = 2 denotes the c¯ quark. For D−s(d) meson, i = 1 denotes the
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s(d) quark and i = 2 denotes the c¯ quark.). We also use the definition qµ
P⊥
≡ qµ− (P · q/M2)Pµ
where P and M are the momentum and mass of the bound state, respectively. In the Center-of-
Mass-System (CMS) of the meson, qµ
P⊥
= (0, ~q) is obvious. Using instantaneous approximation,
the numerical values of ϕ1(q
2
P⊥
) and ϕ2(q
2
P⊥
) are obtained by solving the full Salpeter equations
[30].
For vector mesons, JP = 1−, the positive energy wave function can be written as [31]:
ϕ++
1−
(P, q
P⊥
, ǫ) =b1 6ǫ+ b2 6ǫ 6P + b3(6qP⊥ 6ǫ− qP⊥ · ǫ) + b4(6P 6ǫ 6qP⊥−
6Pq
P⊥
· ǫ) + q
P⊥
· ǫ[b5 + b6 6P + b7 6qP⊥ +
b8
2
(6P 6q
P⊥
− 6q
P⊥
6P )],
(16)
where the coefficients are shown as:
b1 =
M
2
(
ϕ5 − ϕ6 ω1 + ω2
m1 +m2
)
,
b2 =− m1 +m2
2(ω1 + ω2)
(
ϕ5 − ϕ6 ω1 + ω2
m1 +m2
)
,
b3 =
M(m2ω1 −m1ω2)
−2q2
P⊥
(ω1 + ω2)
(
ϕ5 − ϕ6 ω1 + ω2
m1 +m2
)
,
b4 =
ω1 + ω2
2(ω1ω2 +m1m2 − q2P⊥ )
(
ϕ5 − ϕ6 ω1 + ω2
m1 +m2
)
,
b5 =
m1 +m2
2M(ω1ω2 +m1m2 + q2P⊥
)
[
M2
(
ϕ5 − ϕ6m1 +m2
ω1 + ω2
)
+ q2
P⊥
(
ϕ3 + ϕ4
m1 +m2
ω1 + ω2
)]
,
b6 =
ω1 − ω2
2M2(ω1ω2 +m1m2 + q2P⊥
)
[
M2
(
ϕ5 − ϕ6m1 +m2
ω1 + ω2
)
+ q2
P⊥
(
ϕ3 + ϕ4
m1 +m2
ω1 + ω2
)]
,
b7 =
1
2M
(
ϕ3 + ϕ4
m1 +m2
ω1 + ω2
)
− ϕ6 M
m1ω2 +m2ω1
,
b8 =
1
2M2
ω1 + ω2
m1 +m2
[(
ϕ3 + ϕ4
m1 +m2
ω1 + ω2
)
− ϕ5 2M
2
ω1ω2 +m1m2 − q2P⊥
]
.
(17)
In Eqs. (16, 17), the same definitions of P , M , ωi, mi and qP⊥ as for the pseudo-scalar are used.
For J/ψ and ψ(2S) mesons, i = 1 denotes the c quark and i = 2 denotes the c¯ quark. For D∗−s(d),
i = 1 denotes s(d) quark and i = 2 denotes c¯ quark. The numerical values of wave functions
ϕ3(qP⊥ ), ϕ4(qP⊥ ), ϕ5(qP⊥ ) and ϕ6(qP⊥ ) can be obtained by solving the full Salpeter equations
for a vector meson. And the details can be found in Ref. [31].
Using the MF [27], the hadronic matrix elements W µ and W µT can be expressed as an
overlapping integral over the initial and final meson wave functions [33]. We find that the
contribution from the positive energy wave function is dominant. Thus, the other parts have
been ignored. After integrating over q0
P⊥
, the hadronic matrix elements can be obtained:
Wµ = −
∫
d3~q
(2π)3
Tr
{ 6Pi
Mi
ϕ¯++f γµ (1− γ5)ϕ++i
}
, (18)
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W Tµ = −
∫
d3~q
(2π)3
Tr
{ 6Pi
Mi
ϕ¯++f iσµν(Pi − Pf )ν (1 + γ5)ϕ++i
}
, (19)
where Pi and Mi are the momentum and mass of the initial meson, respectively. ϕ
++
i and ϕ
++
f
are the positive energy wave functions of the initial and final mesons, respectively.
Similarly, as to the annihilation hadronic currents, we have:
W β1 =3(−8π2)
∫ d3~q
Pf⊥
(2π)3
Tr
{
ϕ¯f
++γα(1− γ5)
}
∫
d3~q
Pi⊥
(2π)3
Tr
{
γα(1− γ5) 16pq1 −mq1 + iǫ
(−1
3
)γβϕ++i
}
,
(20)
where the cases of W2, W3, W4 are similar. In our method, the pseudo-scalar meson wave
functions ϕ1, ϕ2 and the vector meson wave functions ϕ3, ϕ4, ϕ5, ϕ6 have the approximate
relationship
ϕ1 − ϕ2 = ϕ3 + ϕ4 = ϕ5 + ϕ6 = 0.
Using this relationship, the calculations can be highly simplified but a tiny deviation will emerge.
For the color-favored long-distance hadronic matrix element W µCF as shown in Eq. (11), it
is proportional to the product of the transition matrix element 〈V |c¯γν(1 − γ5)b|Bc〉 multiplied
by decay constant 〈D(∗)
s(d)
(V )|s¯(d¯)γν(1 − γ5)c|0〉. Using Eq. (18), 〈V |c¯γν(1 − γ5)b|Bc〉 can be
obtained. And 〈D(∗)s(d)(V )|s¯(d¯)γν(1− γ5)c|0〉 has been discussed in our previous paper [31, 32].
2.3 Observables of the Bc → D(∗)s,dll¯ processes
As pointed out in Refs. [5, 14], during the calculation of the observables, it is convenient to
project the hadronic matrix elements to the 4-Helicity-Basis ε†µH (±, 0, t). With this projection,
both the hadronic and leptonic currents can be calculated in their own C.M.S separately. And
the leptonic angular distributions can be easily expressed in the terms of helicity amplitudes.
The helicity amplitudes in this paper are shown as:
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(1) Bc → D∗s,dl±l∓ transition
H
(1)
± =− (Mf +Mi)
{
A1(C
eff
9 + C
CS
9 ) +
2Ceff7 mb
Q2
(−Mf +Mi)T2
}
+RPBAnnM
2
i (Mi −Mf )(T1ann +Q2T1CF)
±
√
λ
[
V
Mf +Mi
(Ceff9 + C
CS
9 ) +
2Ceff7 mb
Q2
T1
+
1
2
RPBAnn(Mi −Mf )(Vann +Q2VCF)
]
,
H
(2)
± =− C10
(
∓ V
Mf +Mi
√
λ+A1 (Mf +Mi)
)
,
H
(1)
t =+
1
4
√
Q2Mf
√
λRPBAnn(Mi −Mf )
{
2M2i (T1ann +Q
2T1CF)
+
(
Q2 −M2f +M2i
)
(T2ann +Q
2T2CF)−
(
Q2 +M2f −M2i
)
(T3ann +Q
2T3CF)
}
−
√
λA0(C
eff
9 + C
CS
9 )√
Q2
,
H
(2)
t =−
√
λA0C10√
Q2
,
H
(1)
0 =
1
4
√
Q2Mf (Mf +Mi)
{
2(Ceff9 + C
CS
9 ) [A2λ+A1 (Mf
+Mi)
2
(
M2f −M2i +Q2
)]
+RPBAnn
(
M2f −M2i
) [
2M2i (T1ann
+Q2T1CF
) (
M2f −M2i +Q2
)− λ (T2ann + T3ann +Q2T2CF +Q2T3CF)]}
+
Ceff7 mb√
Q2Mf
{
−T2
(
3M2f +M
2
i −Q2
)− λ T3
M2f −M2i
}
,
H
(2)
0 =
C10
2
√
Q2Mf
{
λ
A2
(Mf +Mi)
+A1 (Mf +Mi)
(
Q2 +M2f −M2i
)}
,
(21)
where λ = (M2i −M2f )2 +Q2(Q2 − 2M2i − 2M2f ) and RPBAnn = 1Q2
VcbV
∗
cs(d)
V(tb)V
∗
ts(d)
(
C1
Nc
+ C2
)
.
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(2) Bc → Ds,dl±l∓ transition
H
(1)
± =0,
H
(2)
± =0,
H
(1)
t =
(Mi −Mf )2RBPAnn
2
√
Q2
{(
B2 +Q
2B2CF −B1 −Q2B1CF
)
Q2 +
(
M2i −
M2f
) [(
B1 +B2 +Q
2B1CF +Q
2B2CF
)]}
+
M2i −M2f√
Q2
(Ceff9 + C
CS
9 )F0,
H
(2)
t =
C10F0√
Q2
(
M2i −M2f
)
,
H
(1)
0 =
2Ceff7 mbFT
√
λ√
Q2 (Mf +Mi)
+
√
λ
2
√
Q2
[(
B1 +B2 +Q
2B1CF +Q
2B2CF
)
(Mi −Mf )2RBPAnn + 2(Ceff9 + CCS9 )Fz
]
,
H
(2)
0 =
C10Fz
√
λ√
Q2
,
(22)
where because the final meson Ds(d) is a pseudo-scalar meson and has no polarization direction,
the transverse helicity amplitudes of the Bc → Ds(d)l±l∓ processes are 0 (Of course, if new
physics operators contribute, they will be in a different situation.).
Based on the calculations in Ref. [14], the differential branching fraction is:
dBr
dQ2
=
G2F
(2π)3ΓBc
(
αem|V ∗ts(d)Vtb|
2π
)2
λ1/2Q2
48M3Bc
√
1− 4m
2
l
Q2
M2H ,
where MH is defined as:
M2H =
(
H
(1)
+ H
†(1)
+ +H
(1)
− H
†(1)
− +H
(1)
0 H
(1)†
0
)(
1 +
2m2l
Q2
)
+
(
H
(2)
+ H
†(2)
+ +H
(2)
− H
†(2)
− +H
(2)
0 H
(2)†
0
)(
1− 4m
2
l
Q2
)
+
2m2l
Q2
3H
(2)
t H
†(2)
t .
(23)
Besides that, we also compute the forward-backward asymmetries AFB and the longitudinal
polarizations PL of the final vector mesons in the decays Bc → D∗s,dl¯l. In the investigation of
the B → K∗l¯l processes, AFB and PL have been widely paid attention to, both theoretically
and experimentally. We hope to obtain more information on the Wilson coefficients through
studying these observables. From the results in Ref. [14], we have:
AFB =
3
4
√
1− 4m
2
l
Q2
2
M2H
{
Re
(
H
(1)
+ H
†(2)
+
)
− Re
(
H
(1)
− H
†(2)
−
)}
,
PL =
1
M2H
{
H
(1)
0 H
†(1)
0
(
1 +
2m2l
Q2
)
+H
(2)
0 H
†(2)
0
(
1− 4m
2
l
Q2
)
+
2m2l
Q2
3H
(2)
t H
†(2)
t
}
.
(24)
In this paper, only the longitudinal polarizations PL of the final vector mesons are investigated.
The transverse polarizations PT of the final vector mesons can be obtained from the relationship
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PT = 1 − PL obviously. Furthermore, we also study the leptonic longitudinal polarization
asymmetry ALPL, which is defined as:
ALPL ≡ dBrh=−1/dQ
2 − dBrh=1/dQ2
dBrh=−1/dQ2 + dBrh=1/dQ2
=
√
1− 4m
2
l
Q2
2
M2H
{
Re
(
H
(1)
+ H
†(2)
+
)
+Re
(
H
(1)
− H
†(2)
−
)
+Re
(
H
(1)
0 H
†(2)
0
)}
,
(25)
where h = +1(−1) denotes right (left) handed l−. And the second step followed the derivation
in Ref [14].
3 Numerical Results and Discussions
In this section, the parameters, the form factors, the differential branching fractions, forward-
backward asymmetries, longitudinal polarizations of the final vector mesons and leptonic longi-
tudinal polarization asymmetries are presented.
3.1 Parameters and Theoretical Uncertainties
In our calculation, BS-model dependent parameters are employed, which include the masses
of the constituent quarks and the Cornell-potential-parameters ΛBS , αBS , VBS and λBS . The
masses of the constituent quarks are taken as mb = 4.96 GeV, mc = 1.62 GeV, ms = 0.5 GeV
andmd = 0.311 GeV. As shown in Ref. [44], the mass spectra with these input constituent quark
masses are in good agreement with the experimental data. Thus, this set of numerical values
is adopted in this paper. The numerical values of Cornell-potential-parameters are adopted as
Ref. [24].
Moreover, the masses and the lifetimes of Bc, D
(∗)
s(d), J/ψ, ψ(2S) are taken from Particle
Data Group (PDG) [45], as the values of αem, GF and VCKM .
In this paper, the theoretical uncertainties are estimated including two aspects. On one hand,
theoretical uncertainties caused by BS-model dependent parameters are studied. This kind of
errors is calculated by changing the numerical values of our model dependent parameters by
±5%, which include the masses of constituent quarks and the Cornell-potential-parameters. We
find that, in BS method, the observables are more sensitive to ΛBS and λBS than the other
BS-model dependent parameters.
On the other hand, the systematic uncertainties which the naive factorisation hypothesis
arouses are investigated. In the investigation of B → K(∗) l¯l processes, to include non-factorisable
contributions of LD cascade processes B → K(∗)J/ψ(ψ(2S)) → K(∗) l¯l, the κ factor which
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is determined by comparing the experimental data with the theoretical results is introduced
frequently [5, 14, 46]. However, the situation in Bc → D(∗)s,dJ/ψ(ψ(2S)) → D
(∗)
s,d l¯l is different.
The cascade processes B → K(∗)J/ψ(ψ(2S)) → K(∗) l¯l include only CS contributions and the
κ factor can be used to include the non-factorisable effects of CS diagrams, but transitions
Bc → D(∗)s,dJ/ψ(ψ(2S)) → D(∗)s,d l¯l contain both CS and CF diagrams. Thus, another way is
adopted in this paper. In the previous calculations on the non-leptonic decays of B meson [47–
50], to contain the non-factorisable contributions, the number of colors Nc in the expression
(C1/Nc + C2) or (C1 + C2/Nc) is treated as parameter which should be obtained by fitting the
experimental data, i.e, the effective number of colors. However, the Bc meson which consists two
heavy quarks is much different from B meson. So the parameters constrained by B experimental
data are not chosen to use in this paper. And considering that at present the data on Bc non-
leptonic decays are still lacking, we calculate the observables with Nc = 3 but for estimating
the systematic uncertainties which are aroused by non-factorisable contributions in the the
processes Bc → D(∗)s,dJ/ψ(ψ(2S)) → D(∗)s,d l¯l, we change the numerical values of Nc in Eq. (9)
within the region [2,∞]. Besides, the systematic uncertainties aroused by non-factorisable weak
annihilation contributions are dealt with using the similar way in which the numerical value of
Nc in Eq. (6) is changed within the region [2,∞].
During the calculation of theoretical uncertainties, it is found that the CS contributions are
very sensitive to Nc. For instance, as shown in emerald area of Fig. 11 (e), the error band of
PL that includes PB and CS diagrams is quite large, which is brought about dominantly by the
Nc. And if there are sufficient experimental data on Bc non-leptonic decays, the number values
of Nc can be obtained through fitting the experimental data and will be constrained within a
small region. As a result, the error bands which include CS cascade contributions can be much
narrower.
From the error bands as shown in Figs. 6-13, one may find that the error bands of ALPL,
PL and AFB which include only the PB diagrams are fairly narrow. For instance, as shown in
Figs. 6 (c), ALPL including only the PB diagrams has tiny theoretical uncertainty. This can be
understood from the Eq. (22) and Eq. (25). If only PB contributions are considered, we have the
relationships H
(1)
± = H
(2)
± = 0 and H
(1)
0 ∝
{
4Ceff7 mbFT + 2 (Mf +Mi)C
eff
9 Fz
}
. Considering
that Ceff7 has a small value, we can write the relationship H
(1)
0 ∝
{
2 (Mf +Mi)C
eff
9 Fz
}
∝ Fz
approximately. If mµ ∼ 0 GeV is considered, as shown in Eq. (25), both the numerator and
denominator of ALPL are proportional to Fz, while FT and F0 are suppressed by C
eff
7 and mµ
respectively. So the ratio, that is, ALPL, has tiny theoretical uncertainty. If Ann, CS and CF
contributions are added, H
(1)
0 will be affected by not only the numerical values of Nc but also
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the Ann and CF form-factors, which can not be neglected. So there are wide error bands in
Figs. 6 (d). The cases of the other figures are similar.
3.2 Form Factors of the Decays B−c → D−(∗)s(d) ll¯
The form factors of the decays B−c → D−(∗)s(d) ll¯ are shown in Figs. 2-5. As seen from Figs. 2-5, the
form-factors of W µ and W µT have different features from those of W
µ
ann. In our model, W
µ
T and
W µ depend on the overlapping region of initial and final wave functions. In the low Q2 region,
the final meson D
−(∗)
s(d) has a large recoil momentum. As a result, the overlapping region of initial
and final wave functions is small and the form factors of Wµ and W
T
µ will be suppressed around
Q2 ∼ 0 GeV2. In the high Q2 region, the final meson D−(∗)s(d) has a tiny recoil momentum and
the overlapping region of initial and final wave functions will be enhanced. So we find that the
form factors of Wµ and W
T
µ become larger with Q
2 increasing.
However, the calculation of W µann is quite different. As shown in Eqs. (7, 20), it is a product
of the initial (final) meson decay constant multiplied by the final (initial) annihilation hadronic
matrix element. The initial and final wave functions are integrated independently. To do the
integral, we use the following relationship,
1
x− x0 ± iǫ = P
(
1
x− x0
)
∓ iπδ(x− x0). (26)
In this way, the form-factors of W µann are complex (The same scenario has also been reported
by Ref. [51] in analysis of the t-channel annihilation diagrams in the B0 → D0µµ¯ process by
pQCD method.) and we define them as:
B1 ≡ B1Aann + iB1Bann, B2 ≡ B2Aann + iB2Bann,
V ann ≡ VAann + iVBann, T1ann ≡ T1Aann + iT1Bann,
T 2ann ≡ T2Aann + iT2Bann, T3ann ≡ T3Aann + iT3Bann.
(27)
3.3 Observables and Discussions
With the form-factors above, the differential branching fractions dBr/dQ2, forward-backward
asymmetries AFB, leptonic longitudinal polarization asymmetries ALPL and longitudinal polar-
izations PL of the final vector mesons are calculated using Eqs. (21-25) and shown in Figs. 6-13.
In our calculation, if only Q7 and Ann contributions are considered, we find that the relationship
dBrQ7+Ann/dQ2 > dBrAnn/dQ2 > dBrQ7/dQ2 is established in the Q2 ∼ 0 GeV2 region. In
calculation of Bc → D∗s,dγ [20–22], the same relationship also holds.
We plot the leptonic longitudinal polarization asymmetries ALPL in Figs. 6 (c, d), Figs. 8 (c, d),
Figs. 10 (g, h) and Figs. 12 (g, h) for the Bc → D(∗)s(d)µµ¯ processes and in Figs. 7 (c, d),
16
Figs. 9 (c, d), Figs. 11 (g, h) and Figs. 13 (g, h) for the Bc → D(∗)s(d)τ τ¯ processes. If only the PB
and CS contributions are considered, in the area far away from Q2 = 0 GeV2 and the resonance
regions around J/ψ and ψ(2S), considering the relationship Ceff9 ∼ −C10 ≫ 2mbC7/(Mi+Mf ),
the leptonic term l¯γµ(1 − γ5)l contributes to ALPL dominantly. For mµ ∼ 0 GeV, the lep-
tonic spin-flip contribution can be neglected. As a result, ALPL(Bc → D(∗)s(d)µµ¯) ∼ −1 which
includes PB and CS diagrams is shown. For Bc → D(∗)s(d)τ τ¯ processes, the approximation
mτ ∼ 0 GeV is not fulfilled and the leptonic spin-flip contribution is significant. Consequently,
ALPL(Bc → D(∗)s(d)τ τ¯ ) which includes PB and CS contributions has an evident deviation from
−1. If the Ann diagrams are added in the processes Bc → D(∗)s(d)µµ¯, both l¯γµ(1 − γ5)l and
l¯γµ(1 + γ5)l terms contribute, which can not be neglected. Thus, ALPL(Bc → D(∗)s(d)µµ¯) which
are far from −1 are shown in the dash-dot-dash lines of Fig. 6 (d), Fig. 8 (d), Fig. 10 (h) and
Fig. 13 (h). If both CS and CF cascade processes are added in the processes Bc → D(∗)s(d)µµ¯,
ALPL(Bc → D(∗)s(d)µµ¯) will be suppressed around the Q2 ∼ 0 GeV2 region, as shown in the solid
lines of Fig. 6 (d), Fig. 8 (d), Fig. 10 (h) and Fig. 13 (h).
The forward-backward asymmetries AFB of Bc → D∗s(d)µµ¯ are plotted in Figs. 10 (c, d)
and Figs. 12 (c, d). As shown in the dash-dot-dash lines of Fig. 10 (c) and Fig. 12 (c), if PB
diagrams are considered, because of the γ penguin effect, forward-backward asymmetries AFB
will be negative around Q2 ∼ 0 GeV2. If the annihilation contribution is included, as shown
in the dash-dot-dash lines of Fig. 10 (d) and Fig. 12 (d), the negative deviation from zero will
be larger. For the Bc → D∗s(d)τ τ¯ processes, the forward-backward asymmetries are given in
Figs. 11 (c, d) and Figs. 13 (c, d). Actually, the forward-backward asymmetry AFB depends on
the transverse CP-odd helicity amplitudes. Because there are no transverse helicity amplitudes
in decay Bc → Ds(d)ll¯, AFB will be zero. In this paper, they are not plotted.
In the Figs. 10-13 (e, f), the longitudinal polarizations PL of the final vector mesons are
plotted. As shown in the Figs. 10 (e, f) and Figs. 12 (e, f), PL are almost proportional to
Q2 within the low Q2 region but inversely related to Q2 in the high Q2 area. In the Q2 ∼
Q2MAX region, the final meson has a tiny recoil momentum and the polarization is almost
averaged. So PL ∼ 13 is found near the Q2MAX point. In the Q2 ∼ 0 GeV2 region, the Q7 and
annihilation diagrams play important parts in PL. Considering that the real γ has no longitudinal
polarization, in a physical sense, PL should be towards 0 nearby the Q
2 = 0 GeV2 point.
This feature is in agreement with the one in Ref. [5] but has obvious difference from those in
Refs. [8, 23]. Beside that, as shown in Fig. 10 (c) and Fig. 12 (c), PL with only PB processes
differ slightly from those which include both PB and CS contributions.
In Figs. 6-13 (a, b), the differential branching fractions of Bc → D(∗)s(d) l¯l are plotted. From
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the solid lines of Fig. 6 (b), Fig. 8 (b), Fig. 10 (b) and Fig. 12 (b), it is found that the differential
branching fractions near the resonance region of J/ψ are a lot larger than the ones around the
resonance region of ψ(2S). The cases of the Fig. 6 (a), Fig. 8 (a), Fig. 10 (a) and Fig. 12 (a) are
similar. This phenomenon can be understood from the wave functions of J/ψ and ψ(2S). In BS
method, J/ψ is the ground state of 3S1 c¯c bound system and there is no node in the wave function
of J/ψ. But ψ(2S) is the first radial excited state of 3S1 c¯c bound system and one node appears
in the wave function of ψ(2S), which causes large cancelation in the integration over the wave
functions. So compared with decays Bc → D(∗)s,dJ/ψ → D(∗)s(d) l¯l, the Bc → D
(∗)
s,dψ(2S) → D(∗)s(d) l¯l
processes contribute less. Besides, if only SD contribution is considered, as shown in dash-dot-
dash lines of Figs. 6-13 (a, b), the annihilation diagrams will enhance the differential branching
fractions obviously around the Q2 ∼ [12, 18] GeV2 region. This is caused by the large imaginary-
parts of the annihilation form-factors as shown in Figs. 2-5.
To avoid the pollution of resonance cascade decays Bc → D(∗)s(d)V → D
(∗)
s(d) l¯l, when the branch-
ing fractions of Bc → D(∗)s(d) l¯l are calculated, the cutting regions on the di-muon mass around the
J/ψ and ψ(2S) masses are required. In Refs. [15, 16], through analysing the contributions of the
PB and CS cascade diagrams, the experimental cutting regions were defined. However, based on
our differential branching fractions in Figs. 6-13 (a, b), the CF cascade diagrams affect the differ-
ential branching fractions substantially. So new experimental cutting regions will be necessary.
In this paper, we attempt to define the experimental cutting regions: 5 GeV2 < Q2 < 15 GeV2
and the regions of interest are given as:
Region (1) : 0.2 GeV2 < Q2 < 5 GeV2,
Region (2) : 15 GeV2 < Q2 < Q2MAX .
(28)
In Table. 1, the branching fractions including penguin-box, annihilation, color-suppressed cas-
cade and color-favored cascade diagrams within Region (1) and Region (2) are shown. From the
Table. 1, the Bc → D∗s(2112)µµ¯ process has the largest branching fraction among the decays
Bc → D(∗)s,d l¯l, which is 1.24 × 10−7.
4 Conclusion
In summery, the processes Bc → D(∗)(s,d)ll¯ induced by the b → s(d)l¯l, the annihilation, color-
favored resonance cascade and color-suppressed resonance cascade contributions are analysed
within the SM. Our results show that: (1) the annihilation contribution which could be ignored
in B → K(∗) l¯l should be emphasized in Bc → D(∗)(s,d)ll¯. Especially in the Q2 ∼ 0 GeV2 region, the
forward-backward asymmetries AFB and leptonic longitudinal polarization asymmetries ALPL
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have sensitive values to the annihilation effects; (2) considering color-favored resonance cascade
effects, the branching fractions using the previous experimental cutting regions are seriously
polluted by the J/ψ and ψ(2S) cascade decays. So the new experimental cutting regions are
proposed.
Acknowledgments
This work was supported in part by the National Natural Science Foundation of China (NSFC)
under Grant No. 11175051 and Program for Innovation Research of Science in Harbin Institute
of Technology.
References
[1] F. Abe et al. [CDF Collaboration], Phys. Rev. D 58, 112004 (1998) [hep-ex/9804014].
[2] I. P. Gouz, V. V. Kiselev, A. K. Likhoded, V. I. Romanovsky and O. P. Yushchenko, Phys.
Atom. Nucl. 67, 1559 (2004) [Yad. Fiz. 67, 1581 (2004)] [hep-ph/0211432].
[3] H. -M. Choi and C. -R. Ji, Phys. Rev. D 80, 114003 (2009) [arXiv:0909.5028 [hep-ph]].
[4] S. L. Glashow, J. Iliopoulos and L. Maiani, Phys. Rev. D 2, 1285 (1970).
[5] D. Ebert, R. N. Faustov and V. O. Galkin, Phys. Rev. D 82, 034032 (2010) [arXiv:1006.4231
[hep-ph]].
[6] R. Aaij et al. [LHCb Collaboration], JHEP 1302, 105 (2013) [arXiv:1209.4284 [hep-ex]].
[7] R. Aaij et al. [LHCb Collaboration], JHEP 1308, 131 (2013) [arXiv:1304.6325 [hep-ex]].
[8] A. Ahmed, I. Ahmed, M. A. Paracha, M. Junaid, A. Rehman and M. J. Aslam,
arXiv:1108.1058 [hep-ph].
[9] I. Ahmed, M. A. Paracha, M. Junaid, A. Ahmed, A. Rehman and M. J. Aslam,
arXiv:1107.5694 [hep-ph].
[10] R. Aaij et al. [LHCb Collaboration], JHEP 1207, 133 (2012) [arXiv:1205.3422 [hep-ex]].
[11] T. Feldmann and J. Matias, JHEP 0301, 074 (2003) [hep-ph/0212158].
[12] A. Khodjamirian, Th. Mannel and Y. M. Wang, JHEP 1302, 010 (2013) [arXiv:1211.0234
[hep-ph]].
19
[13] J. Lyon and R. Zwicky, Phys. Rev. D 88, 094004 (2013) [arXiv:1305.4797 [hep-ph]].
[14] A. Faessler, T. Gutsche, M. A. Ivanov, J. G. Korner and V. E. Lyubovitskij, Eur. Phys. J.
direct C 4, 18 (2002) [hep-ph/0205287].
[15] C. Q. Geng, C. -W. Hwang and C. C. Liu, Phys. Rev. D 65, 094037 (2002) [hep-ph/0110376].
[16] H. -M. Choi, Phys. Rev. D 81, 054003 (2010) [arXiv:1001.3432 [hep-ph]].
[17] T. Wang, D. -X. Zhang, B. -Q. Ma and T. Liu, Eur. Phys. J. C 71, 1758 (2011)
[arXiv:1004.4274 [hep-ph]].
[18] K. Azizi and R. Khosravi, Phys. Rev. D 78, 036005 (2008) [arXiv:0806.0590 [hep-ph]].
[19] K. Azizi, F. Falahati, V. Bashiry and S. M. Zebarjad, Phys. Rev. D 77, 114024 (2008)
[arXiv:0806.0583 [hep-ph]].
[20] K. Azizi and V. Bashiry, Phys. Rev. D 76, 114007 (2007) [arXiv:0708.2068 [hep-ph]].
[21] H. -Y. Cheng, C. -Y. Cheung, G. -L. Lin, Y. C. Lin, T. -M. Yan and H. -L. Yu, Phys. Rev.
D 51, 1199 (1995) [hep-ph/9407303].
[22] D. -S. Du, X. -L. Li and Y. -D. Yang, Phys. Lett. B 380, 193 (1996) [hep-ph/9603291].
[23] M. A. Paracha, I. Ahmed and M. J. Aslam, Phys. Rev. D 84, 035003 (2011) [arXiv:1101.2323
[hep-ph]].
[24] H. -F. Fu, Y. Jiang, C. S. Kim and G. -L. Wang, JHEP 1106, 015 (2011) [arXiv:1102.5399
[hep-ph]].
[25] G. Buchalla, A. J. Buras and M. E. Lautenbacher, Rev. Mod. Phys. 68, 1125 (1996)
[hep-ph/9512380].
[26] M. Misiak and M. Steinhauser, Nucl. Phys. B 683, 277 (2004) [hep-ph/0401041]; M. Gor-
bahn, U. Haisch and M. Misiak, Phys. Rev. Lett. 95, 102004 (2005) [hep-ph/0504194].
[27] S. Mandelstam, Proc. Roy. Soc. Lond. A 233, 248 (1955).
[28] E. E. Salpeter and H. A. Bethe, Phys. Rev. 84, 1232 (1951).
[29] E. E. Salpeter, Phys. Rev. 87, 328 (1952).
[30] C. S. Kim and G. -L. Wang, Phys. Lett. B 584, 285 (2004) [Erratum-ibid. B 634, 564
(2006)] [hep-ph/0309162].
20
[31] G. -L. Wang, Phys. Lett. B 633, 492 (2006) [math-ph/0512009].
[32] G. Cvetic, C. S. Kim, G. -L. Wang and W. Namgung, Phys. Lett. B 596, 84 (2004)
[hep-ph/0405112].
[33] C. -H. Chang, J. -K. Chen, X. -Q. Li and G. -L. Wang, Commun. Theor. Phys. 43, 113
(2005) [hep-ph/0406050].
[34] C. -H. Chang, J. -K. Chen and G. -L. Wang, Commun. Theor. Phys. 46, 467 (2006).
[35] M. Beneke, G. Buchalla, M. Neubert and C. T. Sachrajda, Nucl. Phys. B 591, 313 (2000)
[hep-ph/0006124].
[36] M. Beneke, T. Feldmann and D. Seidel, Nucl. Phys. B 612, 25 (2001) [hep-ph/0106067].
[37] A. J. Buras and M. Munz, Phys. Rev. D 52, 186 (1995) [hep-ph/9501281].
[38] M. Misiak, Nucl. Phys. B 393, 23 (1993) [Erratum-ibid. B 439, 461 (1995)].
[39] C C. -H. Chang, C. -D. Lu, G. -L. Wang and H. -S. Zong, Phys. Rev. D 60, 114013 (1999)
[hep-ph/9904471].
[40] Y. Y. Keum, M. Matsumori and A. I. Sanda, Phys. Rev. D 72, 014013 (2005)
[hep-ph/0406055].
[41] C. S. Lim, T. Morozumi and A. I. Sanda, Phys. Lett. B 218, 343 (1989).
[42] P. J. O’Donnell and H. K. K. Tung, Phys. Rev. D 43, 2067 (1991).
[43] N. G. Deshpande, J. Trampetic and K. Panose, Phys. Rev. D 39, 1461 (1989).
[44] C. Chang and G. Wang, Sci. China G 53, 2005 (2010) [arXiv:1003.3827 [hep-ph]].
[45] J. Beringer et al. [Particle Data Group Collaboration], Phys. Rev. D 86, 010001 (2012).
[46] H. -M. Choi, C. -R. Ji and L. S. Kisslinger, Phys. Rev. D 65, 074032 (2002)
[hep-ph/0110222]; A. Ali, T. Mannel and T. Morozumi, Phys. Lett. B 273, 505 (1991).
[47] A. Deandrea, N. Di Bartolomeo, R. Gatto, F. Feruglio and G. Nardulli, Phys. Lett. B 320,
170 (1994) [hep-ph/9310326].
[48] H. -Y. Cheng and B. Tseng, hep-ph/9708211.
[49] N. G. Deshpande, B. Dutta and S. Oh, Phys. Lett. B 473, 141 (2000) [hep-ph/9712445].
21
[50] A. Ali, G. Kramer and C. -D. Lu, Phys. Rev. D 58, 094009 (1998) [hep-ph/9804363].
[51] C. S. Kim, R. -H. Li and Y. Li, JHEP 1110, 152 (2011) [arXiv:1106.2711 [hep-ph]].
Table 1: Branching ratios including penguin-box, annhilation, color-favored and color-suppressed
cascade effects in unit of 10−8, where the regions of interest are defined as: Region (1) :
0.2 GeV2 < Q2 < 5 GeV2; Region (2) : 15 GeV2 < Q2 < Q2MAX
decay Region (1) Region (2)
Br(Bc → Dsµµ¯) 0.81+0.45−0.29 0.86+0.47−0.23
Br(Bc → Dsτ τ¯) 0 1.5+0.4−0.3
Br(Bc → D∗s(2112)µµ¯) 5.5+1.7−2.1 6.9+3.7−1.7
Br(Bc → D∗s(2112)τ τ¯ ) 0 2.5+2.3−1.0
Br(Bc → Dµµ¯) 0.014+0.008−0.006 0.039+0.025−0.011
Br(Bc → Dττ¯) 0.0 0.059+0.016−0.012
Br(Bc → D∗(2010)µµ¯) 0.15+0.05−0.06 0.31+0.16−0.08
Br(Bc → D∗(2010)τ τ¯ ) 0.0 0.12+0.10−0.04
22
bc¯ c¯
s(d)
Bc D
(∗)
s(d)
W−
u, c, t u, c, t
Z0(γ) l
l¯
a. Z0 (γ) penguin diagram
b
c¯ c¯
s(d)
Bc D
(∗)
s(d)
u, c, t
W W
l¯l
b. box diagram
W−
l
l¯
γ
b
c¯
s(d)
c¯
c. annihilation diagram
Bc D
(∗)
s(d) Bc D
(∗)
s(d)
b
c¯ c¯
s(d)
W−
γ
l
l¯
d. color-suppressed cascade diagram
b
c¯
c
c¯
e. color-favored cascade diagram
γ
l
l¯
Bc
D
(∗)
s(d)
W
c¯
s(d)
Figure 1: Diagrams of Bc → D(∗)s,dll¯. In annihilation diagrams c) the photon can be emitted from
each quark, denoted by
⊗
, and decays to the lepton pair.
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Figure 2: Form-Factors of Bc → Dll¯.
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Figure 3: Form-Factors of Bc → Dsll¯.
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Figure 4: Form-factors of Bc → D∗ll¯.
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Figure 5: Form-factors of Bc → D∗s ll¯.
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Figure 6: Observables of Bc → Dµµ¯.
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Figure 7: Observables of Bc → Dττ¯ .
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Figure 8: Observables of Bc → Dsµµ¯.
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Figure 9: Observables of Bc → Dsτ τ¯ .
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Figure 10: Observables of Bc → D∗µµ¯.
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Figure 11: Observables of Bc → D∗τ τ¯ .
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Figure 12: Observables of Bc → D∗sµµ¯.
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Figure 13: Observables of Bc → D∗sτ τ¯ .
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